Abstract: Remote communities that have limited or no access to the power grid commonly employ diesel generators for communal electricity provision. Nearly 65% of the overall thermal energy input of diesel generators is wasted through exhaust and other mechanical components such as water-jackets, intercoolers, aftercoolers, and friction. If recovered, this waste heat could help address the energy demands of such communities. A viable solution would be to recover this heat and use it for direct heating applications, as conversion to mechanical power comes with significant efficiency losses. Despite a few examples of waste heat recovery from water-jackets during winter, this valuable thermal energy is often discarded into the atmosphere during the summer season. However, seasonal thermal energy storage techniques can mitigate this issue with reliable performance. Storing the recovered heat from diesel generators during low heat demand periods and reusing it when the demand peaks can be a promising alternative. At this point, seasonal thermal storage in shallow geothermal reserves can be an economically feasible method. This paper proposes the novel concept of coupling the heat recovery unit of diesel generators to a borehole seasonal thermal storage system to store discarded heat during summer and provide upgraded heat when required during the winter season on a cold, remote Canadian community. The performance of the proposed ground-coupled thermal storage system is investigated by developing a Computational Fluid Dynamics and Heat Transfer model.
Introduction
Communities situated on distant land masses that have either limited or no proper access to the communal facilities, such as power lines and road access, are generally deemed as "remote communities". These remote communities are usually dependent on local fossil-based power generation. Diesel generators are the most common choice for on-site electricity generation in these communities. In countries like Canada and Norway, logistic and transportation challenges result in sizeable increases in fuel costs for remote communities compared to their urban counterparts. This impact results in relatively higher living and industrial costs. Nunavut, where many remote communities are situated, is a good example to better illustrate this cost difference for Canada. A study from solar heating collectors such as a full-scale system employed on a district heating network in Okotoks, Alberta, Canada [28] . The solar heating application has also been extensively studied both numerically [29, 30] and experimentally [31, 32] . Besides that, Welsch et al. [33] have shown over 40% reduction in greenhouse gas emission by attaching combined heat and power (CHP) plants and/or solar thermal collectors to BTES systems. McDaniel et al. [34] have shown the improvement in the flexibility of operating a CHP plant (combination of a gas turbine, a high-pressure steam turbine, and a low-pressure steam turbine) by coupling with a BTES system where it has replaced burning fossil fuel for heating purposes.
According to the abovementioned studies, coupling a BTES system with CHP power plants (solar, wind turbines, nuclear, steam turbine) is a sensible strategy. However, so far, no study has yet been found that shows the coupling between a BTES system with the waste heat recovery system from the diesel generators in the remote communities that intends to provide green heat according to the demand. The present study is unique in investigating the feasibility of using BTES systems for recovering waste heat of diesel generators used on remote locations in cold climate countries such as Canada and Norway. It offers a numerical simulation tool needed to assess the techno-economics of such systems and underlines the energy/environmental benefits of integrating BTES into remote power generation equipment. This study limits its scope by looking forward to providing green heat to the remote communities during winter only by using its existing power generation strategy. Any alternative idea to replace the power generation source is beyond the scope of this study. Figure 1 shows the schematics of the proposed system. In this scenario, during winter, borehole seasonal thermal storage (BTES) gives the initial heat load and the gen-set heat recovery unit upgrades the water temperature to meet the requirements of space heating for residential areas of nearby communities. This system will not only reduce the energy costs of these communities, but it would also be more environmentally friendly.
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Hence, after modeling and simulation of the unitary borehole, the results were analyzed to determine the specifications of the borehole grid necessary to sustain the seasonal thermal storage needs of Kwadacha. It is worth noting that throughout the paper the boreholes were assumed to be operating in parallel, allowing for the use of the same inlet temperature for each borehole.
Model Validation
To validate the numerical model used in this paper, its results were compared with the experimental result of Reference [38] . To establish a common ground with the experimental work, the proposed borehole thermal storage system was re-scaled to the size of the lab experiment explained in Reference [38] . Re-scaling of the model also included the timeframe of the experimental work providing a comparably higher data resolution of the heat storage process at a shorter timeframe. Figure 3 depicts the comparison between the experimental data from Reference [38] and the results generated from the proposed thermal storage model. As shown in Figure 3 , a good agreement can be observed between the proposed model and the experimental data with the maximum relative error found to be 4%. It is worthwhile to note that both numerical simulation and experimental test reached the steady state operation within the time shown. This agreement not only proves the fact that the proposed model represents the reality with a good match, but also it implies that the proposed model can offer a high-resolution assessment of the initial transient thermal response of the system. 
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A borehole design with the specifications listed in Table 3 was modeled and tested for various circulating water temperatures to observe the heat stored in the ground. Each borehole's physical domain will be affected in a different way based on its distinctive operating conditions and characteristics. However, simulations showed that boreholes with the same number of immediate neighbors, would behave similarly and it would be an adequate simplification to implement that their heat transfer rates are the same (with an average relative error smaller than 1% and maximum relative error smaller than 5%). The three unitary borehole models, shown in Figure 4 , were defined to represent each one of the three distinctive borehole positions on the grid. The schematic view of these three distinctive bore types, referred to as Type I (8 neighbors), II (5 neighbors), and III (3 neighbors), is also shown in Figure 3 . The model was used to simulate individual boreholes on the grid and their results were inferred for all the other boreholes with the same number of neighbors based on the assumption. Each model was run separately for heat injection and extraction scenarios and the results were combined. Calculations have shown that a 6 × 6 grid installation with 16 Type I boreholes, 16 Type II, and 4 Type III can handle the overall storage capacity required for the case studied here. Note that, pipeline wall thickness and related thermal properties are neglected in the simulation as they have a relatively smaller impact on overall heat transfer over the long-run. However, under normal circumstances, it is very common to see high-density-polyethylene (HDPE) pipes in real-life geothermal applications. They are widely preferred due to their higher duration and flexibility. neighbors, would behave similarly and it would be an adequate simplification to implement that their heat transfer rates are the same (with an average relative error smaller than 1% and maximum relative error smaller than 5%). The three unitary borehole models, shown in Figure 4 , were defined to represent each one of the three distinctive borehole positions on the grid. The schematic view of these three distinctive bore types, referred to as Type I (8 neighbors), II (5 neighbors), and III (3 neighbors), is also shown in Figure 3 . The model was used to simulate individual boreholes on the grid and their results were inferred for all the other boreholes with the same number of neighbors based on the assumption. Each model was run separately for heat injection and extraction scenarios and the results were combined. Calculations have shown that a 6 × 6 grid installation with 16 Type I boreholes, 16 Type II, and 4 Type III can handle the overall storage capacity required for the case studied here. Note that, pipeline wall thickness and related thermal properties are neglected in the simulation as they have a relatively smaller impact on overall heat transfer over the long-run. However, under normal circumstances, it is very common to see high-density-polyethylene (HDPE) pipes in real-life geothermal applications. They are widely preferred due to their higher duration and flexibility. Table 4 summarizes the energy storage capacities for each individual type of borehole considered for the system. As can be seen in Table 4 , the position of the borehole directly influences its performance. The less neighbors it has, the more energy it is able to store. However, it is also less likely to contribute to the energy extraction (discharge), as heat can be more easily conducted away from its surrounding ground. The heat conducted from the ground to the further boundaries is very severe for Type III. Interestingly, as a result of this heat dissipation effect, Type III bores keep injecting Table 4 summarizes the energy storage capacities for each individual type of borehole considered for the system. As can be seen in Table 4 , the position of the borehole directly influences its performance. The less neighbors it has, the more energy it is able to store. However, it is also less likely to contribute to the energy extraction (discharge), as heat can be more easily conducted away from its surrounding ground. The heat conducted from the ground to the further boundaries is very severe for Type III. Interestingly, as a result of this heat dissipation effect, Type III bores keep injecting some heat into the ground even during the extraction period. Despite that, the targeted 1.19 GWh of thermally available waste energy is well matched with the borehole grid storage capacity, with 12% contingency of the overall available heat (i.e., 1.33 GWh @ 12% contingency). Table 4 . Results for energy storage (+ sign) for 6 months and extraction (− sign) for 6 months of all three proposed types of boreholes after thermal pre-conditioning (averaged values over 6 years).
Borehole (BH) Type
Number As explained previously, to sustain the system effectiveness and provide the necessary level of heat to the residential areas, the ground was left to be thermally preconditioned with heat injection for three years. Having waited for this thermal pre-conditioning period, the heat extraction process was performed for every six months (i.e., winter) which was then followed by a six-month re-injection of hot water (i.e., summer). Figure 5 illustrates the ground thermal response and average ground temperature for different heat injection scenarios (i.e., increasing inlet temperatures classified as scenario A to D). The average ground temperature for Type I borehole grows with increasing injection temperature, as shown in Figure 5 . To shorten the time needed for ground thermal pre-conditioning, the 80 • C water injection scenario is selected. This temperature is completely feasible as this is a closed system where the water is circulated from the reservoir to the heat recovery units, then to the boreholes and finally back to the reservoir. Temperature of the water on the reservoir is then expected to be close to the boreholes' outlet temperature, i.e., approximately 72-74 • C which is then brought back to 80 • C before the injection via the heat available (275 kW) at the exhaust of the generators.
Figures 6 and 7 investigate the 80 • C water injection scenario in more detail for the different borehole types. Both graphs show a declining flux for the first three years while the ground is pre-conditioned with heat and a periodic behavior for the injection/extraction cycles. It can be noted that through the cycles the injection flux slowly decreases while the extraction one increases. This is caused by the overall accumulation of heat in the ground as less heat is extracted than the value stored (as listed on Table 4 ). It is important to note that, in winter, after the water receives heat in the BTES, it is circulated through the gen-set heat recovery unit to have its temperature upgraded for direct heating applications. The returning water temperature at this case is assumed to be 37 • C. These graphs also display how the performance of the borehole decays as less boreholes are present in its vicinity. As seen in Table 5 . the extraction flux for the Types II and III (shown in Figure 7 ) are much lower than for Type I (shown in Figure 6 ), with Type III even presenting positive fluxes (storage of heat) during the intended extraction phase. Figures 6 and 7 investigate the 80 °C water injection scenario in more detail for the different borehole types. Both graphs show a declining flux for the first three years while the ground is preconditioned with heat and a periodic behavior for the injection/extraction cycles. It can be noted that through the cycles the injection flux slowly decreases while the extraction one increases. This is caused by the overall accumulation of heat in the ground as less heat is extracted than the value stored (as listed on Table 4 ). It is important to note that, in winter, after the water receives heat in the BTES, it is circulated through the gen-set heat recovery unit to have its temperature upgraded for direct heating applications. The returning water temperature at this case is assumed to be 37 °C. These graphs also display how the performance of the borehole decays as less boreholes are present in its vicinity. As seen in Table 5 . the extraction flux for the Types II and III (shown in Figure 7 ) are much lower than for Type I (shown in Figure 6 ), with Type III even presenting positive fluxes (storage of heat) during the intended extraction phase. It is also important to evaluate the financial aspect of the proposed BTES system. This is a fundamental requirement of any borehole project, as these applications may be associated with It is also important to evaluate the financial aspect of the proposed BTES system. This is a fundamental requirement of any borehole project, as these applications may be associated with relatively high capital costs resulting in financial deficiencies. For a proper financial analysis of the proposed BTES system, the energy demand for the community was investigated and sized. Table 5 is briefly discussing the communal energy demand of Kwadacha based on the information published by Stat Canada [39] . According to Table 5 , the achievable overall annual savings are $48,150 which is a sizeable portion of the heating costs of this community, given the small number of its population.
As underlined in Table 5 , it is worth investigating the potential for carbon tax savings, as they vary based on the amount of the fossil fuel burned and size of the system. As stated by the Government of British Columbia, the current carbon taxes imposed in this province is CAD $ 35/tonne eCO 2 and it is estimated to be raised to CAD $ 50/tonne eCO 2 by 2021 [40] . The impact of carbon taxes on similar geothermal projects is extensively discussed in Ghoreishi-Madiseh and Kuyuk [41] . Carbon tax savings associated with the current project account for 7.1% of the overall savings and are included in the financial analysis.
On the other hand, capital size of the project is usually site-specific and requires appraisal. As calculated in Table 6 , for this study, the capital expenditure (CAPEX) estimation is made based on the sources available in literature such as Gupta [42] . Here, it is important to highlight that Gupta's [42] cost model includes all the main costs associated with sinking a meter of geothermal borehole (i.e., all the costs including but not limited to fitting, excavating, pipelining etc. per meter.). Table 6 summarizes the Capital Expenditure (CAPEX) estimation of the present project based on the listed cost estimations in Gupta [42] . Comparing the potential savings of Table 5 and the appraised costs of Table 6 , it is found that the simple payback period for the case study is 4.90 years (as shown in Table 6 ). In a more general sense, thermal energy storage systems relying on a coupling between low-grade heat source (e.g., solar energy as heat source) and an underground seasonal thermal energy storage (e.g., borehole thermal energy storage) have very high payback periods [43] , due to relatively lower savings. However, in the proposed system, the source of thermal energy is the waste heat from diesel exhaust which has comparatively higher-grade thermal value and can be recovered at much lower costs. Therefore, the coupling between such high-grade waste heat source and an underground seasonal thermal energy storage (e.g., rockpile) system offers a viable opportunity for much shorter payback period [44] . This certainly makes the payback period of this proposed system short enough for it to be feasible. Bearing in mind that the aim of this study was to provide a sustainable and green solution for space heating in a remote community which is solely dependent on diesel generators for power generation instead of investigating for viable alternative sources for power, even if there is any.
Conclusions
The majority of the remote communities located in cold climates, such as Canada and Norway, are using diesel generators to sustain their energy provision. In some of the most modern systems, coupled heat exchangers are used to recover the waste heat from generator jacket water during the winter season. However, utilization of this waste heat is usually neglected during the summer period as the heat demand by the nearby community is low. As an environmentally-friendly solution to this issue, a storage system namely borehole thermal energy storage (BTES) was proposed and introduced. Furthermore, similar thermal storage systems were also investigated and discussed briefly in this work.
In this regard, the proposed system was briefed and studied by aiming to help remote communities with applicable generation systems in saving from their carbon emissions and financials of their energy provision framework. For the scientific validation of the proposed storage technique, a representative 3-dimensional model of the concept was constructed on SolidWorks and transferred to a commercially available CFD software named ANSYS/Fluent. Then the model was discretized, meshed, and solved numerically. Also, several other sensitivity runs were conducted to make sure the optimum temperature profile for water injection was selected. In delivery of this work, a remote community in British Columbia, Canada was chosen as an example community and the source of data was briefly introduced. It is also worthwhile to mention that all the runs and calculations conducted in this study are based on real-life data collected from official sources (i.e., NRCan). Consequently, the long-term performance of the BTES and thermal response of the ground was tested and presented. It was shown that annually 350 MWh of energy can be stored and provided by the BTES system. Also, a financial estimation was carried out to evaluate costs versus savings and the payback period. It was found that for the showcased community of 127 residents, approximately CAD $48,000 savings can be achieved. It was also shown that with the deployment of the proposed 6 × 6 BTES system, this small off-grid community can lower its carbon foot print by approximately 90 tons of CO 2 per year. Finally, it was estimated that the proposed project pays the associated CAPEX in less than five years. 
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